A systematic characterisation of root system architecture and quantification of multiple root traits to describe changes in overall root plasticity in response to nutrient deficiencies. 
INTRODUCTION
Plant survival and performance are highly dependent on the plant's ability to efficiently explore the soil in the search for water and minerals. Thus, root growth and architecture are extremely relevant for the plant's adaptation to the growth medium, as they determine the soil volume that a plant is able to explore at a given time. Root system architecture (RSA) represents the spatial arrangement of roots of different ages and orders (Lynch, 1995; Osmont et al., 2007) and is determined by genetic factors and the integration of environmental cues (Malamy, 2005) . The genetic component determines the fundamental morphology and blueprint of a plant's root system, whereas environmental cues shape root architecture by modifying the intrinsic genetic program. The existence of this additional level of regulation allows plants to display a high level of root plasticity, which reflects the shape, threedimensional distribution, branching pattern and age of the primary and postembryonically generated roots (Pacheco-Villalobos and Hardtke, 2012) . The dynamic modulation of RSA is based on the intrinsic developmental nature of the different components of the root system. In fact, the primary root (PR) is established during embryogenesis, while the lateral roots (LRs) that originate from the PR develop postembryonically (Osmont et al., 2007; Peret et al., 2009) . These highly dynamic changes in the overall RSA throughout time finally determine root plasticity and allow plants to efficiently adapt to environmental constraints.
Nutrient availability can exert a profound impact on RSA by altering the number, length, angle and diameter of roots and root hairs (reviewed by Forde and Lorenzo, 2001; Lopez-Bucio et al., 2003; Malamy, 2005; Osmont et al., 2007) . In fact, plants can respond to the heterogeneous availability of resources by allocating roots where the most favourable conditions are found (Zhang and Forde, 1998; Linkohr et al., 2002; Remans et al., 2006; Lima et al., 2010; Giehl et al., 2012) . When grown under limited phosphorus (P) availability, roots exhibit a shallower architecture that results from the inhibition of PR elongation and the concomitant increase in LR formation (Williamson et al., 2001; Lopez-Bucio et al., 2002; Sanchez-Calderon et al., 2005) .
Such an architectural rearrangement of the root is thought to improve the plant's ability to forage P from the usually P-enriched topsoil horizon (Lynch and Brown, 2001; Rubio et al., 2003; Zhu et al., 2005) . In contrast to low P, reduced nitrogen (N) availability stimulates PR and particularly LR elongation, but not LR initiation (Linkohr et al., 2002; Lopez-Bucio et al., 2003) . However, it is noteworthy that under severe N shortage, LR formation is almost completely absent (Krouk et al., 2010) , suggesting that plants require a certain level of N to sustain an active foraging strategy. These examples indicate that the availability of different nutrients can evoke distinct effects on RSA that depend upon which nutrient is supplied and the concentration of the supplied nutrient.
Unfortunately, for the majority of the nutrients a more detailed analysis of the architectural modifications under deficient conditions is still missing. In fact, most studies describe the effect of nutrient deficiencies on root growth and development only in terms of root biomass or total root length (see for example Hermans and Verbruggen, 2005; Hermans et al., 2006; Richard-Molard et al., 2008; Jung et al., 2009; Cailliatte et al., 2010) . Thus, important features of the root system are not comprehensible from these rather basic measurements. The characterisation of RSA in more detail appears justified due to the positive correlations found between single root characteristics and plant yield, especially when the supply of water or mineral resources was limited (Landi et al., 2002; Tuberosa et al., 2002; Manschadi et al., 2006; Kirkegaard et al., 2007; Steele et al., 2007) . Although a large number of studies has been conducted on the root development of grasses (Hochholdinger and Tuberosa, 2009; Iyer-Pascuzzi et al., 2010; Pacheco-Villalobos and Hardtke, 2012) , our understanding of the molecular players involved in the regulation of root growth and development has benefited most from studies of the reference plant Arabidopsis thaliana grown under controlled conditions to minimise variability. However, imposing consistent nutrient deficiencies presents an experimental challenge as long as plants are grown on agar media, which is the method of choice to preserve the spatial arrangement of the root system and access a larger number of root traits.
A major drawback of agar or agarose media is their inherent nutrient load, such that traces of nutrient contamination must often be made unavailable to plants, for example by adding chelating agents to lower the free activities of micronutrients (Bell et al., 1991; Yang et al., 1994; Rengel, 1999) . Additionally, in many cases symptoms of deficiency are only observed in mutants impaired in the uptake of the nutrient in question (Tomatsu et al., 2007; Mills et al., 2008; Assuncao et al., 2010) . In general, gelling agents may contribute considerable amounts of nutrients (Debergh, 1983; Scholten and Pierik, 1998) , hampering the occurrence of deficiency for specific nutrients (Jain et al., 2009 ). Thus, it becomes crucial to select the most suitable gelling agent when particular nutrient deficiencies are to be obtained. This is particularly relevant as strategies depending upon the use of gelling media are being developed to overcome the bottleneck that often limits RSA traits from being characterised in high-throughput phenotyping studies (Iyer-Pascuzzi et al., 2010; Clark et al., 2011) .
In our approach to compare RSA under different nutrient deficiencies in Arabidopsis thaliana plants grown on solid media, we first identified the most appropriate conditions for producing nutrient-deficient plants on agar plates. Once identified, these conditions allowed us to characterise the effect of twelve deficiencies at four intensity levels on the RSA by measuring seven root traits. These measurements, in combination with biomass and elemental concentrations, allowed us to determine the nutrient-specific effects on particular parameters of the RSA and thus to describe the root plasticity of Arabidopsis thaliana and analyse the underlying traits under different nutrient deficiencies.
RESULTS

The choice of gelling agent is critical in obtaining nutrient-deficient plants
A number of gelling agents were tested for their suitability as a substrate on which to obtain plants deficient in several nutrients. An analysis of the elemental concentration within various types of agar, agarose and gel media revealed a large variation in the levels of nutrients contained within the different gelling agents (Table I) . Indeed, the variation in elemental concentrations ranged from approximately four fold (e.g. Cu) to 2000 fold (e.g. K) depending upon the element. Washing Difco agar five times with demineralised water reduced the concentration of some elements (B and P) by up to four fold, although for most elements the effect was minimal (data not shown). There was also some variation between batches of gelling agents, but this variation was less than two fold in the agents tested (data not shown). Typically, agaroses contained fewer elements than agar or gel, however there was no single gelling agent that could be uniformly classified as containing the least contamination of all elements. Additionally, Arabidopsis seedlings grew poorly or inconsistently on the Sigma B agar and all of the agaroses tested (data not shown). The cause of the poor growth was not investigated further.
Gelling agents that enabled healthy plant growth were then specifically chosen for each nutrient based on the elemental concentration within the agent (Table I) .
Generally the gelling agent with a lower concentration of the nutrient in question was selected. However, there were some instances where a greater visible response of the shoot or roots to nutrient deficiency and thereby most likely a greater degree of nutrient deficiency was achieved by using an agent that did not have the lowest concentration (Table I ). This may be because the concentration of nutrients available to the plant is lower than what was measured, probably due to some of the nutrients being bound in forms that plants were unable to acquire. Indeed, Ca was the only nutrient whereby a gelling agent (Sigma A) was selected which contained substantially more nutrient than the other gelling agents. In this case much of the Ca is probably bound within the gelling matrix thereby resulting in a lower plant-available Ca concentration. In general, we observed a similar dependence of the root morphology under nutrient deficiency on the type of gelling agent as described by Jain et al. (2009) , which was most likely related to nutrient levels in the agar media.
Consequently, we decided to monitor changes in root traits by comparing adequately supplied plants with plants grown not only in the complete absence of a nutrient but at three levels of deficiency. The parallel determination of nutrient concentrations in the shoot allowed nutrient supplies to be set to ensure nutrient deficiency at the lowest supply. This approach allowed us to observe the progression in change of root traits under nutrient deficiency.
The response of the RSA to the deficiency of macronutrients
Phosphorus (P)
With decreasing P supply, P concentrations in shoots decreased steadily from 14.0 to 1.1 mg g -1 (Table II) and thus gradually into severe P deficiency (optimal P concentrations in plants range from 3 to 5 mg g -1 ; Marschner 2012). Additionally, K
and Mg concentrations in shoots decreased significantly in particular under the most severe P deficiency (Table S1 ). This is in agreement with a previous report showing that K concentrations decrease significantly in shoots of P-deficient plants (Misson et al., 2005) . The fresh weight of the shoot decreased by 40% at moderate P deficiency (50 µM) and by 90% at severe P deficiency (0 µM). By contrast, the fresh weight of the root decreased significantly only at severe P deficiency (70% reduction at 0 µM; Table II ). The root-to-shoot ratio thereby increased with decreasing P supply.
The deficiency of P produced a root system that was shallower, but more highly branched (Fig. 1A) . Such an effect of low P on RSA has already been reported (Williamson et al., 2001; Lopez-Bucio et al., 2002; Lopez-Bucio et al., 2003; PerezTorres et al., 2008) . However, our detailed RSA analysis also revealed that low P supply not only inhibited PR length but also decreased the length of the LR formation zone in the PR (LR FZ PR ) relative to the length of the whole PR (Fig. 1C) . The decrease in the PR length was accompanied by an increase in the density of first order lateral roots (1° LR) at moderate P deficiency (50 µM P), but this also decreased upon the more severe deficiency achieved at 0 µM P (Fig. 1D ). It is noteworthy that, throughout the present study, LR densities are reported as the number of visible LRs divided by the length of the BZ. According to Dubrovsky and Forde (2012) , the estimation of LR density within only the BZ PR is a more appropriate measurement, especially when the proportion of the PR that is branching is altered, as was the case under reduced P supplies (Fig. 1C) .
Similarly to the PR, the average 1° LR length also decreased with decreasing P supply ( Fig. 1E) and was accompanied by an increase in the density of 2° LRs that tended to increase even under severe P deficiency (0 µM; Fig. 1F ). Interestingly, the average 2° LR length was barely affected by P deficiency (Fig. 1G ) suggesting that the elongation of these roots is less sensitive to P deficiency than the other two orders of roots. The total root length decreased with increasing P deficiency (Fig. 1B) and was most correlated with the PR length (Pearson's r = 0.905, P = 2 x 10 -37 ).
Nitrogen (N)
The concentration of N in shoots decreased by 33% from the full supply to the 275 µM treatment and by 61% from the full supply to the 110 µM treatment, yielding finally N-deficient plants with < 3% N (Table II) , which is below the usual 4.0 to 5.5% N required by plants (Bergmann, 1992) . Plants grown on 110 µM of added N had a reduced shoot and root weight relative to the full N supply. However, as the biomass of the root decreased comparatively less than the shoot, the root-to-shoot ratio gradually increased under decreasing N supply from 0.26 at the full supply to 0.43 at 110 µM of N (Table II) .
Nitrogen deficiency stimulated the growth of a more exploratory root system with longer LRs (Fig. 2A) . ).
Calcium (Ca)
The selection of an adequate gelling agent enabled us to decrease shoot Ca concentrations from 4.1 to 1.2 mg g -1 (Table II) and thus from typical sufficiency to deficiency levels (Marschner, 2012) . With increasing Ca deficiency the fresh weight of shoots and roots increased by 60% and 85% respectively (Table II) . However, withholding Ca from the nutrient mix decreased the solidity of the gelling media in a step-wise fashion (data not shown). This was the only instance among all experiments where changing the nutrient solution visibly affected the gelling medium.
Through the decreased solidity of the growth media it appeared that plants became
moister. An additional determination of the dry weight still indicated that shoot weight increased with Ca deficiency. The root dry weight did not change significantly, hence resulting in a decrease in the root-to-shoot ratio at lower Ca supplies (Table II) .
The deficiency of Ca produced a very shallow and highly branched root system (Fig.   3A ). The PR was severely inhibited when less than 100 µM Ca was added and moderately inhibited at 500 µM of Ca supply (Fig. 3C ). The length of the LR FZ 1 0 also decreased with lower Ca supplies as did the proportion of the PR consisting of the LR FZ PR , reducing from 34% in the full supply to 23% when no Ca was added (Fig. 3C ). The decrease in the length of PRs was accompanied by an increase in the density of 1° LRs (Fig. 3D ). However, in contrast to PRs, 1° LR length was not inhibited, but rather marginally stimulated at 100 µM of added Ca (Fig. 3E ), indicating that LRs are less sensitive to low Ca than PRs. It is noteworthy that the 2° LR density and average length were unaffected by the Ca supply ( Fig. 3F and 3G ). Remarkably, despite the effects on the PR and 1° LR density the total root length was maintained at all concentrations of Ca supplied to plants (Fig. 3B) . In order to rule out that the RSA modifications observed under limited Ca supply were not due to the altered solidity of the gelling agent, Ca-supplied plants were grown under lower concentrations of agar. Although low agar concentrations also reduced the solidity of the media, the RSA of plants was not negatively affected, even when only 0.2% agar was used (data not shown). Thus, the RSA effects observed under low Ca are not primarily a consequence of the non-specific effects of agar solidity.
Potassium (K)
Shoot and root biomass significantly decreased by around 60% at only the lowest concentration of K supplied and the root-to-shoot ratio remained stable across different levels of K deficiency (Table II) . The K concentration in shoots was significantly reduced in both the 250 and 0 µM treatments, while in roots a significant reduction was observed in all treatments where K supply was reduced. The critical concentration of K required for optimal plant growth is around 20 to 50 mg g -1 DW (Marschner, 2012) . Therefore the plants grown in 0 µM K, with a shoot K concentration of 7 mg g -1 DW, suffered K deficiency, while those in the 250 and 1600 µM K treatment suffered mild K deficiency (Table II) .
The deficiency of K produced a root system that became shorter (Fig. 4A) . The PR length decreased at even moderate K deficiency (1600 µM) by 23% and decreased further to 40% at the lowest K treatment (0 µM; Fig. 4C ). Despite the decrease in PR length the 1° LR density only tended to, but did not significantly increase as K deficiency became more severe (Fig. 4D) . The average length of 1° LRs significantly decreased in only the two lowest K supplies by up to 42% (Fig. 4E ). The decrease in the elongation of 1° LRs was accompanied by an increase in the density of 2° LRs, although this effect was significant in only the 0 µM K treatment (Fig. 4F ). Total root 1 1 length decreased with more severe K deficiency, reaching just 45% of the maximum length when K was excluded from the media (Fig. 4B ). This decrease correlated most with the average length of 1° LRs (Pearson's r = 0.890, P = 8 x 10 -33 ) and the length of the PR (Pearson's r = 0.756, P = 3 x 10 -21
).
Magnesium (Mg)
The biomass of shoots and roots decreased with each reduction in Mg supply by up to 14% in shoots and 15% in roots when no Mg was added to the media (Table II) However, the density of 2° LRs did not change significantly in any of the treatments (Fig. 5F ). The total length of the root system was significantly shorter in the 50 µM and 0 µM Mg treatments ( ) and density (Pearson's r = 0.890, P = 1 x 10 -34 ).
Sulfur (S)
The withdrawal of S from the growth medium reduced the shoot biomass by up to 40% and the root biomass by up to 28% in the case of the 0 µM S treatment resulting in an increase in the root-to-shoot ratio (Table II) . The concentration of S decreased steadily with each reduction in S supply dropping in shoots from a maximum of 10 mg g -1 DW in the full S supply to 3.7 mg g -1 DW in the treatment in which S was withheld (Table II) . In roots, the relative reduction in S concentration was less, decreasing from 5.9 to 2.9 mg g -1 DW. The levels of deficiency achieved in the lowest S treatments were at or below the minimum of 1 to 5 mg g -1 DW required for optimal growth (Marschner, 2012) demonstrating that a level of S deficiency was achieved that is limiting for plant growth. In addition, as the added concentrations of S were decreased, the concentrations of Mo, especially in shoots, increased significantly (Table S1 ). Such a response has been reported before (Alhendawi et al., 2005) and most likely reflects a poor selectivity of some S transporters over Mo. Surprisingly, although shoots were negatively affected by reducing S supply, the deficiency of S had relatively little influence on the morphology of roots (Fig. 6A ). The length of the PR increased slightly, albeit significantly only at the two lowest S supplies by up to 12% (Fig. 6C ). There was a slight decrease in the density of 1° LRs as S addition was reduced from 750 to 50 µM ( Fig. 6D ) that also coincided with a significant increase in the average length of 1° LRs (Fig. 6E ). There were no significant differences in these two traits between the full S supply and the two lowest treatments, nor was there any difference in the density or average length of 2° LRs between any of the S treatments ( Fig The response of the RSA to the deficiency of micronutrients
Iron (Fe)
A decrease in the Fe supplied to plants had no effect on the shoot and root biomass of plants at the first three levels of Fe supply, however in the most severe treatment 1 3 the shoot and root biomass decreased significantly by 83% and 88%, respectively (Table II) . The concentration of Fe in shoots decreased from 120 µg g -1 DW in the full supply (75 µM) of Fe to 70 µg g -1 DW in the 10 and 5 µM treatments and further to 10 µg g -1 DW in the 0 µM treatment (Table II) . Because plants require between 50 and 150 µg g -1 DW of Fe for growth (Marschner, 2012) , the 10 and 5 µM treatments most likely reflected mild Fe deficiency, and the 0 µM treatment a severe deficiency of Fe.
Additionally, the concentrations of Mn and Zn increased under Fe deficiency (Table   S1 ), which was most likely associated with the poor substrate selectivity of the Fe 
Manganese (Mn)
Manganese deficiency significantly reduced the biomass of shoots and roots by 47% and 51%, respectively, when Mn was withheld from the media (Table II) treatments. Manganese deficiency produced plants with a contracted root system (Fig. 8A ). This arose from a reduction in the length of the PR that was present at all treatments in which the supply of Mn was reduced (Fig. 8C ). In turn, the density of 1°
LRs increased by 10% in the 1 and 0.5 µM treatments while decreasing by 9% in the 0 µM Mn treatment relative to the full Mn supply (Fig. 8D) . The average 1° LR length did not respond to moderate Mn deficiency, but suffered a 22% decrease in the lowest Mn treatment (Fig. 8E) . While the density of 2° LRs did not significantly respond to Mn deficiency the average 2° LR length decreased by 40% in the 0 µM treatment ( Fig. 8F and G) . The total root length declined significantly in the 0.5 and 0 µM Mn treatments (Fig. 8B) . Components of the RSA were relatively poorly correlated with total root length as the best correlation was with the average length of 1° LRs (Pearson's r = 0.751, P = 9 x 10 -18 ).
Boron (B)
Boron deficiency is particularly difficult to achieve when using typical lab practices for producing growth media due to B contamination arising from borosilicate glassware.
Additionally, the use of some autoclavable, plastic vessels (e.g. polypropylene)
caused severe stunting of plants (data not shown), possibly due to the release of toxic compounds from the plastic during the autoclaving process. The use of PTFE vessels (Carl Roth GmbH + Co. KG, Karlsruhe, Germany) and Sigma A agar were required to obtain B deficiency in this study.
Root biomass decreased by 35% when B was withheld from the media, however there was no change in the shoot biomass in any of the B treatments (Table II) . The root-to-shoot ratio therefore decreased with decreasing B supply. The concentration of B decreased in shoots by a maximum of 74% from 38 µg g -1 DW in the full B treatment to 10 µg g -1 DW in the zero B treatment (Table II) , which is below the levels reported for B-deficient Arabidopsis plants in another study (Takano et al., 2006) . The concentration also significantly decreased in roots in each of the treatments in which B was withdrawn, however the reduction was not as great as in shoots. Boron deficiency produced a shallower root system with greater lateral root growth (Fig.   9A ). The length of the PR significantly decreased in all B deficiency treatments by up to 39% in the case of the 0 µM B treatment (Fig. 9C) . The decreasing PR length was accompanied by an increase in the density of 1° LRs, although the increase reached a maximum of just 27% in the case of the 0 µM treatment (Fig. 9D) . The length of 1° 1 5
and 2° LRs did not respond to the deficiency of B (Fig. 9E and G) , nor did the density of 2° LRs (Fig. 9F) . Total root length decreased in each of the treatments where B was withheld, however this weakly correlated with PR length (Pearson's r = 0.662, P = 8 x 10 -14 ) suggesting that further root traits made a substantial contribution to the reduction of the root system as a whole (Fig. 9B) .
Zinc (Zn)
Zn deficiency was difficult to obtain in any of the agar media tested when plants were grown for two weeks on 12 cm agar plates. However, growth on 23 cm agar plates for almost four weeks produced larger plants that showed differences in root growth when Zn was withheld from the medium (Fig. S1 ). Although there was no difference in shoot or root biomass, the concentration of Zn decreased in shoots and roots by 81% and 94%, respectively (Table S2 ). The Zn concentration of 22 µg g -1 DW obtained in shoots in the 0 µM Zn treatment approached the critical level of 15 to 20 µg g -1 DW of Zn required for optimal growth in plants (Bergmann, 1992; Marschner, 2012) . Therefore a mild level of Zn deficiency was achieved in this study (Table S1 ).
Zinc deficiency produced a more highly branched root system (Fig. S1A) . Although the length of the PR was unaffected by Zn deficiency (Fig. S1C) , the density of 1°
LRs increased by 21% (Fig. S1D) . Additionally, despite the absence of an effect on PR length, the length of both 1° and 2° LRs were decreased upon Zn deficiency by 19 and 22%, respectively ( Fig. S1E and G) . The density of 2° LRs was unaffected by Zn deficiency (Fig. S1F ).
Remaining micronutrients
Because plants require only extremely low amounts of nickel (Ni) and molybdenum (Mo; Marschner, 2012), the occurrence of a deficiency of these nutrients is not common and difficult to simulate in the laboratory, especially in relatively young plants. Thus, in the present study no attempt was made to induce Ni or Mo deficiency in agar media. The withdrawal of the two remaining micronutrients, copper (Cu) and chlorine (Cl) only produced minor effects. The withdrawal of Cu from the growth media did not produce any changes in the shoot or root biomass, however the concentration of Cu in shoots and roots tended to decrease even though this was not statistically significant (Table S2 ). Therefore we acknowledge that the level of Cu deficiency obtained in this study was indeed minor when considering that the critical 1 6 level of Cu required by plants is between 1 and 5 µg g -1 DW (Marschner, 2012).
Copper deficiency decreased the length of 1° LRs by a maximum of 29% in the 1 nM treatment (Fig. S2E ). In addition, while the length of PRs did not respond to Cu deficiency the density of 1° LRs increased by up to 11% in the case of the 1 nM treatment ( Fig. S2C and D) . 2° LRs were unaffected by Cu deficiency (Fig. S2F and   G ).
The withdrawal of Cl from the media did not affect shoot and root biomass. Due to technical limitations of ICP-OES it was not possible to measure Cl concentrations.
We acknowledge that in our agar growth system we were barely able to obtain evidence of Cl deficiency. There was hardly any effect of the removal of Cl from the growth medium on plant growth, probably because of the marginal level of Cl deficiency obtained (Fig. S3) . The PR was the only component of plant growth that was affected by a reduction in Cl supply, decreasing by just 9% and similarly the length of the LR FZ PR decreased by 15% (Fig. S3C ). These data may suggest that the PR is the root trait most sensitive to a reduction in Cl supply.
Development of a quantitative score for overall changes in RSA
The results from this work clearly indicate that nutrient deficiencies impose highly distinct modifications on the overall RSA of Arabidopsis plants (Figs. 1-9 ). Root traits that were independent of each other were used in a principle component analysis and N deficiency was better resolved along the axis of PC2 (Fig. 10A and B) . The first three PCs explained 72.9% of the observed variation in RSA traits, while the six PCs accounted for 100% of the variation.
We then performed Pearson correlation analysis of the six PCs with the individual traits to determine to what extent each PC is loaded by each root trait. This analysis revealed that the two traits 1° LR density and the proportion of BZ PR to PR length contributed mainly to PC1, whereas PR length and the average 1° LR length contributed mainly to PC2 (Fig. 10C) . By contrast, PC3 predominantly accounted for (Figs. 3D, 5D, 7D ). By contrast, PC2 better discriminated RSA variations under Ca deficiency from those under N deficiency (Fig. 10A ), which were mainly attributed to measures of PR and 1° LR length (Fig. 10C ) and in agreement with the diverging progression of these traits with increasing deficiency levels (Figs. 3C and E and 2C and E) . Taken (Fig. 11A) . Hence, the area enclosed by each treatment across all PCs corresponds to the total RSA plasticity within each of the treatments, relative to the control treatments. It was then possible to obtain a single value that integrates the combinatorial information of all RSA changes in a quantitative weighed manner to indicate the total degree of RSA plasticity (Fig. 11) . As the deviation of RSA within all treatment series' were considered in an equivalent fashion, the extent of root plasticity was ranked in the following order: Ca > P > K > Fe > Mn > Mg > N > B > S, from those with the largest total plasticity observed across all treatments to the deficiencies displaying the least plasticity ( Fig. 11B-J 
DISCUSSION
Changes in root plasticity under nutritional constraints
The degree of plasticity in response to nutrient availability reveals not only the extent to which underlying developmental processes that control root growth can be altered, but also the degree to which environmental factors can be sensed and translated into morphological changes. To quantitatively estimate and graphically depict the extent of root plasticity changes in one view, we have developed a novel visualisation tool in the form of a plasticity chart. On the one hand, this tool produces a value that indicates the overall change in plasticity observed in response to each treatment.
Such a value represents a combination of both the responsiveness of multivariate root traits, and the degree to which each stimulus is sensed and translated into RSA changes, giving a final readout of root plasticity. On the other hand, the plasticity graph also reveals the individual levels of development that are affected in challenging environments, in our case nutrient deficiency, by indicating which developmental processes are most likely to be responding to each treatment. For example, differences in PR length (represented predominantly within PC2 in our plasticity graphs) will mainly refer to differences in PR cell elongation or differentiation of the PR meristem. By contrast, differences in PC1 correlate most with differences in the density of 1° LRs, a trait most likely controlled by the developmental processes of LR initiation and emergence.
Recently, an innovative and rapid approach has been presented to measure RSA by placing user-defined root landmarks on a two-dimensional grid over a scanned root image (Ristova et al., 2013) . Although this so-called "RootScape" method waived the separate detection of individual root traits for the sake of high throughput, PCA transformation of root data allowed variations in the spatial configuration of roots to be assigned to specific influential traits. Validating this approach by the analysis of Arabidopsis mutants defective in hormone signalling suggested a particularly large influence of root traits related to primary root length on root plasticity with auxin 1 9 strongly modifying root size (Ristova et al., 2013 ). Here we have followed a similar approach in data transformation, also yielding PCA plots that allowed the effects of nutrient treatments on integrated root traits to be differentiated along PCA components ( Fig. 10A and B) and a deduction of their most influential root traits (Fig.   10C ). As our approach utilises an exact measurement of the independent root traits, it is highly suited to the in-depth characterisation of the RSA and the unique developmental changes that invoke the different root responses observed. Indeed, the use of plasticity charts provides a unique opportunity to calculate the total degree of plasticity in response to the deficiency of nutrients. However, such graphs can be 
The effect of nutrient availability on root length
Our detailed characterisation of RSA modifications in A. thaliana under the limited supply of various nutrients indicated that root elongation was distinctively affected by nutrient supplies. Primary root length was significantly decreased when plants were grown under low P, Ca, K, Mn and B (Figs. 1C, 3C , 4C, 8C and 9C), whereas it was slightly stimulated under intermediate supplies of N and Fe (Figs. 2C and 7C) . In the case of S, we observed that even though S concentrations in roots and shoots and the shoot weight were markedly decreased as S supply was decreased (Table II) , PR length remained largely unaffected (Fig. 6C) . In addition to PR length, LR length was also affected by nutrient deficiencies. Whereas 1° LR length was significantly decreased under P, K and Mg deficiency for example (Figs. 1E, 4E and 5E), 2° LR length was strongly reduced by Mg deficiency (Fig. 5G ) and slightly by P deficiency (Fig. 1G) whereas the average length of 1° LRs remained relatively unaffected ( Fig. 3C and E).
These observations add new evidence to the yet poorly characterised relationship between the mechanisms that coordinate not only the growth and development of roots of different orders but also their differential interaction with the environment.
The distinct effects of nutrients on PR elongation likely originate from diverse factors. (Fig. 7C) . However, it is noteworthy that under advanced Fe limitation, root growth is repressed altogether, due to an insufficient coverage of the Fe demand of the plant.
Another factor relates to the fact that some nutrients may directly limit the function of a particular developmental process. In the case of Ca, we observed a remarkable decrease in PR length when low Ca concentrations were supplied to plants (Fig. 3C ).
Calcium is important for cell elongation. In root hairs and pollen tubes intracellular Ca 2+ gradients increase steeply towards the apex (Pierson et al., 1996; Wymer et al., 1997 Ca could still be translocated into younger LRs of maize and beans as long as they still acted as sinks for nutrients. This observation may help to explain the seemingly opposing effect that low Ca availability had on the length of PRs and 1° LRs ( Fig. 3C and E) . However, it still remains to be investigated if the LRs actually act as a stronger sink than the PR in Arabidopsis grown on Ca deficiency. Similarly to Ca, the inhibition of PR elongation under low B (Fig. 9C ) also relates to decreased cell elongation (Takano et al., 2006) , since most B in plants is associated with cell wall pectins (Hu et al., 1996) and B starvation results in cell wall malformations (Brown et al., 2002) .
The effect of nutrient availability on lateral root formation
In Arabidopsis and in most other dicotyledonous plants, the primary root can branch repeatedly to produce lateral roots, which in turn can also undergo higher-order branching. In developmental terms, LRs differ from primary roots because they originate postembryonically from parental roots (Osmont et al., 2007; Peret et al., 2009 ). The total number of LRs that is produced depends not only on genetic but also on environmental factors. Importantly, the postembryonic behaviour of LRs is an essential component of the root system's plasticity, since it allows plants to react to fluctuations in external factors, such as nutrient availability. This fact was also reinforced in our study, where a multivariate analysis revealed that 1° LR density (a proxy for the developmental processes of LR initiation and emergence) correlated most with the variation in PC1 and therefore made a particularly strong contribution to the total plastic response of roots to different nutrient deficiencies (Fig. 10 ). Indeed, the deficiency of many nutrients has been reported to affect the levels of one or more hormones in plants (as reviewed by Rubio et al., 2009 ). However, for most nutrients, it is not yet known to which extent and at which developmental steps these hormonal changes impact on RSA. As also shown in the present work (Fig. 1D ), P deficiency induces the production of LRs (Williamson et al., 2001; Lopez-Bucio et al., 2002; Lopez-Bucio et al., 2003; Sanchez-Calderon et al., 2005) . This induction has been shown to be associated with a P deficiency-induced expression of the auxin receptor TIR1 in pericycle cells that results in increased sensitivity of roots to auxin (Perez-Torres et al., 2008) . As a consequence, the initiation and emergence of LRs is significantly enhanced in P-deficient roots. Together with such examples our work reinforces that nutrients induce distinct RSA modifications which may either be coupled or uncoupled, demonstrating further how root plasticity is generated. The challenge now is to identify how the nutrient signals are sensed and integrated into developmental decisions that ultimately shape the RSA according to the nutrients' availability.
A detailed protocol for obtaining nutrient-deficient solid media
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We present here a comprehensive characterisation of RSA modifications induced by the limitation of different nutrients. Until now, a detailed examination of the effects of nutrient deficiencies on RSA has been fragmented or totally absent. In fact, only P, N and very recently K deficiency-induced modifications of RSA were more exhaustively assessed in A. thaliana (Linkohr et al., 2002; Sanchez-Calderon et al., 2005; Kellermeier et al., 2013) . In other cases, although the effects of nutrient deficiencies on root development have been reported (reviewed by Lopez-Bucio et al., 2003; Nibau et al., 2008) , these effects were either restricted to root hair formation (e.g. Fe;
Schmidt and Schikora, 2001) or extrapolated from studies that did not directly assess RSA modifications (e.g. S; Kutz et al., 2002) . One apparent reason for the poor characterisation of RSA under nutrient deficiencies relates to difficulties in obtaining consistent deficiency for most nutrients in solid media. Thus, a study in which RSA is assessed under conditions that are comparable and that produce consistent deficiency is timely and important in order to advance our understanding on how environmental clues shape RSA. In this regard, our study shall pave the way for characterising the RSA modifications in response to nutrients.
We have carefully selected the most appropriate gelling agents to obtain nutrient deficiency in Arabidopsis plants grown on semi-solid media. Agar selection proved to be critical for successfully imposing consistent nutrient deficiency, as mineral analyses revealed that some agars exhibited remarkable differences in nutrient concentrations (Table I) . Our study should help researchers who need to characterise phenotypical modifications in response to nutrient deficiencies in genetically diverse plants, as for example when comparing mutants to wild type plants or when assessing natural genetic variability. In this regard, the present work provides a valuable reference on which researchers can orient themselves when studying the effect of nutrient deficiencies. In addition, since the characterisation of RSA was accompanied by the mineral analyses of shoots and roots from different deficiency levels, this study provides an additional guide to the critical concentrations required to induce phenotypical alterations in A. thaliana.
In conclusion, based on a careful selection of agar media the present study induced by the deficiency of single nutrients. Newly developed root plasticity charts help to visualise the influence of each nutrient on the type and extent of changes in root traits and whether individual root traits respond in a coupled or uncoupled fashion. These examples provide a solid basis for the identification of nutrientresponsive processes in the root developmental program and for plant factors determining the differential sensitivity of root tissues to nutritional constraints.
MATERIALS AND METHODS
Plant growth conditions
Seeds of Arabidopsis thaliana, Columbia-0 ecotype were surface sterilised in 70% 
Analysis of root system architecture
At the end of the treatment period plates within each block were scanned together using an Epson Expression 10000XL scanner (Seiko Epson Corp; Nagano, Japan) in colour at 600 dpi resolution and lit from the front. Plants in which growth was inhibited due to damage during transfer were excluded from analyses taking care not to bias the sample population in the process. Shoots were removed and weighed and the roots were separated such that roots were clearly distinguishable from one another on the agar, then again scanned in greyscale at 300 dpi resolution and lit from the back. Roots were removed from the agar and the roots and shoots dried at 65°C.
The contrast of the image was adjusted and marks were removed from the image The dried shoots and roots were weighed into PTFE digestion tubes and digested in HNO 3 under pressure using a microwave digester (Ultraclave 4; MLS GmbH, Leutkirch, Germany). Elemental analysis was undertaken using ICP-OES (iCAP 6500 dual OES spectrometer; Thermo Fischer Scientific, Waltham, U.S.A.). Samples (200-300 mg) of the different gelling agents used in this study were dried at 65°C, digested and measured as for the plant samples. For the N analysis the plants were freezedried, and ground using a ball mill before 1 mg of material was taken for analysis.
The N concentrations were determined using an elemental analyzer (Euro-EA, HEKAtech, Wegberg, Germany).
Calculation and visualisation of RSA plasticity
RSA plasticity was calculated on independent root traits from all treatments except calculated using the algorithm: 
